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where f is the frequency. This can be rewritten (1) C -^c (2) The simplified circuit for measuring the ratio of voltage transformers is shown in figure 3 . At balance
The ratio of the two capacitors in (2) can be measured using the circuit discussed above in figure 2 . [8] . A derivation of the formulas relating the ratios and phase angles at zero and some other known burden value are given in the appendix and presented in abbreviated form below. e.-^^" (5) where N is the nominal ( 
where Be -\./Zc is the burden in ohms~^of the impedance Zc, and
tin Ei E" Figure 10 . Equivalent circuit of a voltage transformer with secondary burden Figure 11 . Capacitive burden box.
The power factor of burden C is cos^c? RCFc is the ratio correction factor calculated for burden C, and Fc is the angle by which the secondary voltage leads the primary voltage for burden C.
The equations (7) and (8) can be used to calculate the RCF and phase angle for some secondary burden, C, if the ratio correction factors and phase angles are known at some other burden, T, and at zero burden. In practice, at NBS, capacitive burdens are used for the "T" or known burdens in eqs (7) and (8 Several approximations were made to derive eqs (7) and (8) . The approximations relate to the relative ratio of the transformer's output impedance, Zo, to the impedance of the secondary burden Zt or Zc. The smaller this ratio, the more accurate are eqs (7) and (8) . This ratio also affects the differences, RCFt -RCFq and Fj -Fq. If the ratio correction factor difference is 0.001 or less, and if the phase angle difference is 1 milliradian or less than eqs (7) and (8) should be accurate to within ilOppm for the ratio correction factor and to within ±10 microradians for the phase angle if it is assumed that the ratio of the burdens is known with no more than ail percent uncertainty.
Data over the years has indicated that eqs (7) and (8) are always at least that accurate. In order to identify any problems, an extra measurement is made at a different secondary burden to test the predictive capabilities of eqs (7) and (8) The second reason can be seen from figure 10. The higher current of the ZZ burden will cause Zq to heat up and increase in value, leading to errors if eqs (7) and (8) The bridge shown in figure 12 has no means of balancing the in-phase current resulting from a non-ideal unknown capacitor, Cx-The current comparator in figure 13 does have the capability of balancing both the in-phase and quadrature components of the capacitive current. The difficulty with the approach used in figure 13 is that the applied high voltage is across the variable resistance R,. applied to an identical standard resistor as shown in figure 14 so that the current from the standard winding, N,, reaching the operational amplifier hcis no phase defect. The in-phase current into the standard winding, N,, is then equal to: /R. (11) Since the quadrature current lout = V2irfCt, the dissipr.tion factor is:
The resistor, R, can be chosen so that a is direct rezwling in percent or millirswlians.
In some Ccises, particularly for larger capacitors, it is necessary to make a four-terminal measurement. This is required when the lead and winding impedances become a significant fraction of the impedance to be measured. Figure 15 shows a current comparator bridge with this capability. Because of the non-negligible lead and winding impedance, there is some voltage, e, at the low-voltage terminal of the capacitor. This voltage signal is inverted as shown in figure 15 and connected to the Ns winding through a capacitor, Cgi. The current through the unknown capacitor is:
The current reaching the winding is:
Is=j27rfVCs-j2nfeCs'.
If Cs' is adjusted prior to the measurement to be equal to C, then eq (15) reduces to:
Is=j2nf{V-e)C,.
Comparing this with eq (14), the eff'ect of the compensation circuit has been to place the same voltage across both the standard and unknown capacitors. This is exactly what is required for lead compensation. Figure 16 shows the last enhancement of the bridge to be discussed. The National Bureau of Standards' current comparator bridge has an internal range of 1000:1 (i.e., the maximum value of Nd/Nx is 1000). The external current transformer shown in figure 16 , referred to as a range extender, increases the measurement range by a factor of 1000 allowing the comparison of two currents diff"ering in magnitude by as much as a factor of a million. As with the transformers internal to the current comparator bridge, the accuracy requirements on the range extender are quite stringent. Further details on the design of a ppm current comparator and the specifics of NBS' current comparator bridge are available in the literature [10, 11] .
The current comparator bridge is quite straightforward to use and has proven to be rugged in practice. In order to monitor the behavior of NBS' current comparator bridge, a check standard is maintained. In this case, the check standard consists of two high quality standard capacitors. The effect of £ can be significant at the ppm level and needs to be eliminated. The circuit in figure 18 is identical to that in figure 17 except that the input of the inductive voltage divider is grounded.
The dissipation factor in this case is then:
DF" (V -e)R2nfC^( 
